and Th2 cell differentiation appeared to be revealed, T cells into type 2 helper (Th2) and cytotoxic (Tc2) i.e., GATA3 for Th2 and T-bet for Th1 ( specific binding of HDAC1 and HDAC2 as well as ROG,
Introduction dent. We demonstrated an essential role for GATA3 in the Th2-specific hyperacetylation (Yamashita et al., CD8
ϩ cytotoxic T cells (CTLs) secrete type 1 cytokines 2002). We also generated a precise map of the Th2-after TCR stimulation (Fong and Mosmann, 1990). Howspecific histone hyperacetylation within the type 2 cytoever, in vitro TCR/CD3 stimulation of CD8 ϩ T cells in the kine gene loci, and identified a 71 bp conserved GATA3 presence of certain cytokines induced CD8 T cells to response element (CGRE) at 1.6 kbp upstream of the produce type 2 cytokines (Kelso and Groves, 1997; Se-IL-13 locus exon 1. We proposed that the CGRE plays der et al., 1992). The Tc1/Tc2 terminology was proposed a crucial role for GATA3-mediated targeting and downby T. Mosmann and colleagues (Sad et al., 1995) in stream spreading of core histone hyperacetylation analogy to the Th1/Th2 subsets of CD4 T cells. Differwithin the IL-13 and IL-4 gene loci in developing CD4 ϩ ences in the profiles of type 2 cytokine production be-
Th2 cells (Yamashita et al., 2002). tween CD4 T cells and CD8 T cells have been noted.
In the present study, we investigated the acetylation Particularly, the amount of IL-4 produced by type 2 CD8 status of histones associated with type 2 cytokine gene T cells was reported to be 100-fold less than that by loci in developing Tc2 cells. We found that limited protype 2 CD4 T cells (Croft et al., 1994) specific binding of HDAC1 and HDAC2 as well as ROG, suggesting a repressive activity on histone hyperacetyin CD4 T cells and also in CD8 T cells was observed ( Figure 2A , right panels). Taken together, these results lation. Thus, the limited IL-4 production in Tc2 cells appears to be due, at least in part, to the CD8 T cellsuggest that CD8 T cells may possess an intrinsic defect or have an inhibitory mechanism that may affect the specific ROG-mediated repression of histone hyperacetylation and gene activation of the IL-4 locus. ability to produce high levels of IL-4. This appears to be IL-4 specific, because other type 2 cytokines, such as IL-13 and IL-5, are not affected. Results
Limited IL-4 Production in CD8 T Cells Is Not due Limited IL-4 Production in CD8 T Cells that Develop to the Delay of Cell Division during Differentiation under Type 2-Skewed Culture Conditions
Since at least three to four cell divisions appear to be The aim of this study was to clarify the molecular basis required for the generation of IL-4-producing Th2 cells governing chromatin remodeling and activation of the (Bird et al., 1998), we examined the extent of cell division type 2 cytokine gene loci in CD8 T cells. We first studied of CD4 or CD8 T cells induced by anti-TCR treatment. the cytokine production profiles of CD8 T cells that were CFSE-labeled CD4 or CD8 T cells were stimulated with differentiated under type 1-and type 2-skewed culture anti-TCR mAb in the presence of IL-2, IL-4, and anticonditions. Figure 1A shows the IFN␥/IL-4 profiles of IFN␥, and 3 days later, intracellular IL-4 production was CD4 and CD8 T cells from C57BL/6 and BALB/c mice.
determined. No significant delays in cell division were In type 1-skewed cultures, substantial numbers of IFN␥-seen in CD8 T cell cultures, and in fact, slightly enhanced producing cells were generated in both CD4 and CD8 levels were noted. In every subpopulation of developing T cells. In contrast, under type 2-skewed conditions, Tc2 cells electronically gated by CFSE fluorescence inthe generation of IL-4-producing cells was significantly tensity, the number of IL-4-producing cells was clearly lower in CD8 T cells. Also, in both C57BL/6 and BALB/c lower as compared to developing Th2 cells. These recultures, considerable numbers of IFN␥-producing cells sults suggest that the limited generation of IL-4-producwere generated. The generation of IL-5-producing cells ing CD8 T cells is not due to a difference in cell division was similar between CD4 and CD8 T cells, and most of between developing Th2 and Tc2 cells. the IL-5-producing CD8 T cells were distinct from the IFN␥-producing cells that were generated under type Retroviral Expression of an Active Form of Raf 2-skewed conditions (data not shown).
and Calcineurin Does Not Enhance IL-4 Production Concurrently, the amount of cytokines produced by in CD8 T Cells Cultured under Type 2 Conditions in vitro differentiated C57BL/6 CD4 and CD8 T cells was We reported that the Th2 cell differentiation was depenassessed by ELISA ( Figure 1B ). As expected, under type dent on the extent of activation of the TCR-induced Ras-2-skewed conditions, there was significantly reduced ERK MAPK cascade and calcineurin (Yamashita et al., IL-4 production in CD8 T cells as compared to CD4 2000, 1999). The levels of anti-TCR-induced Ca mobiliza-T cells. In sharp contrast, the levels of IL-13 and IL-5 tion and ERK-phosphorylation in freshly prepared CD4 were nearly equivalent between CD8 T cells and CD4 and CD8 T cells were found to be similar (data not T cells. The production of IL-4, IL-13, and IL-5 in both shown). Consequently, an active form of Raf (Raf-CAAX) CD4 and CD8 T cells was abrogated in STAT6-deficient and also an active form of calcineurin (CN ⌬-CAM) were mice. IFN␥ production in CD8 T cells cultured under integrated in an IRES-GFP retroviral construct, and type 2-skewed conditions was STAT6 independent. This these were introduced into developing Th1, Th2, and is reminiscent of the IL-12-independent generation of Tc2 cells. Then, the percentages of IL-4-producing cells IFN␥-producing CD8 T cells that were reported prein the GFP-positive infected cell population were deterviously (Carter and Murphy, 1999). IL-2 levels were esmined ( Figure 2C ). In Th1 cultures, significant generation sentially low in CD8 T cell cultures. Transcriptional levels ‫)%51-%9ف(‬ of IL-4-producing cells due to the expresof IL-5, IL-13, and IL-4 were also examined by semiquansion of Raf-CAAX and also of CN ⌬-CAM was observed titative RT-PCR, and a significantly lower IL-4 transcripas compared to control GFP-infected Th1 cells. In Th2 tion, with equivalent IL-5 and IL-13 transcription, was cultures, a further enhancement of the generation of ILdetected in CD8 T cells ( Figure 1C of IL-4-Producing Cells in CD8 T Cell Cultures As we expected, no difference was observed at the In order to identify the critical molecules that could be region of IL-13 intron1, CGRE, IL-5 promoter, and RAD50 involved in the decreased histone hyperacetylation and promoter. It is also worth noting that we detected con-IL-4 gene activation in CD8 T cells, we performed a siderable differences in the IL-4-negative populations subtraction analysis using developing Th2 cells and Tc2 from Th2 and Tc2 cultures. Taken together, these results cells. Several molecules, the expression of which was are consistent with the idea that decreased histone found to be higher in Tc2 cells compared to Th2 cells, hyperacetylation in the IL-4-related gene locus that rewere identified; e.g., a portion of the NKG7 gene was flects accessibility of the IL-4 gene is linked to the limited detected 11 times, CD8␣ 4 times, CD8␤ 3 times, perforin IL-4 production in Tc2 cells.
3 times, and ROG (repressor of GATA) 3 times. Also detected at least twice were RNA helicase, PKC nu, PP2a catalytic subunit ␣, granzyme B, IL-10, TNF recepEctopic Expression of GATA3 in Tc2 Cells Did Not Rescue the Limited Generation tor superfamily member 9 (4-1BB), and Tubulin specific chaperone. Among these, we were interested in ROG of IL-4-Producing Cells Various transcription factors are known to be critical for as a candidate molecule. ROG is a POZ/BTB domain containing zinc finger protein family repressor, and it the generation of IL-4-producing Th2 cells (Agarwal and Rao, 1998; Ho and Glimcher, 2002). Therefore, we asrepresses the GATA3-induced transactivation (Miaw et al., 2000). As can be seen in Figure 5A , expression levels sessed the protein expression levels of GATA3, c-Maf, NFAT1, and NFAT2 in developing Th2 and Tc2 cells of ROG mRNA were clearly higher in CD8 T cells regardless of type 1 or type 2 culture conditions. The expres-( Figure 4A ). Among transcription factors tested, the expression levels of GATA3 were clearly reduced in develsion levels of GATA3 and T-bet mRNA that were examined as controls showed the expected patterns. The oping Tc2 cells as compared to Th2 cells. The expression levels of NFAT1 appeared to be slightly elevated mRNA expression of ROG was very low in both naive CD4 and CD8 T cells, but the levels increased and in Tc2 cells. On the other hand, no obvious difference was detected in c-Maf or NFAT2. The expression levels reached at maximal levels 2 days after anti-TCR mAb Figure 5C . The binding of ROG protein to ROG#1 and ROG#2 DNA sequences was assessed using a pull-down assay with Flag-tagged transfected ROG protein and the synthesized 21 bp ROG#1 and ROG#2 DNA oligonucleotides, and subsequent antiFlag immunoblotting. A significant binding of ROG protein to ROG#1 oligonucleotides was detected; however, the levels of binding to ROG#2 oligonucleotides were marginal under our experimental conditions ( Figure 5D ). Moreover, mutant DNA oligonucleotides of ROG#1 and ROG#2 containing adenine mutations of critical nucleic acids for ROG binding were used to confirm the binding specificity. As expected, the binding of ROG protein to ROG#1 oligonucleotides was abrogated in the mutant. These results suggest that the ROG protein is able to bind to ROG#1 sequence located in exon 4 of the IL-13 gene. Concurrently, the binding of ROG, HDAC1, and HDAC2 proteins to ROG#1 sequence was examined by a pull-down assay using wild-type and mutant ROG#1 oligonucleotides, and subsequent immunoblotting with anti-ROG, anti-HDAC1, and anti-HDAC2 antibodies. As shown in Figure 5E able to associate with ROG, HDAC1, and HDAC2 molecules in a Tc2 cell-specific manner (Figures 5D-5F ). The ChIP assay was performed using histone H3 ChIP assay kits Young adult C57BL/6 and BALB/c mice (4-6 weeks old) were pur-(#17-245; Upstate Biotechnology) and specific primers as described chased from Charles River Laboratories (Tokyo, Japan). STAT6-previously (Yamashita et al., 2002). For the ChIP assays for ROG, deficient mice (Takeda et al., 1996) and IFN␥-deficient mice (Tagawa HDAC1, and HDAC2, a recently generated polyclonal anti-ROG antiet al., 1997) were kindly provided by Dr. Shizuo Akira (Osaka Univerbody, anti-HDAC1 antibody (sc-7872; Santa Cruz), and anti-HDAC2 sity, Japan) and Dr. Youichiro Iwakura (University of Tokyo, Japan).
Retrovirus Vectors and Infection
antibody (sc-7899; Santa Cruz) were used for precipitation. An antiAll mice used in this study were maintained under pathogen-free ROG antibody was established in our laboratory by immunizing with conditions. Animal care was in accordance with the guidelines of chemically synthesized, bovine thyroglobin-conjugated peptide Chiba University. GLGSPGEKQKPEKDFRSN (amino acids 141-160) and TRASSSQG-SPTSSAAT (amino acids 450-465) into rabbit. The antigen-specific antibody purified through a peptide-conjugated column was used.
Immunofluorescent Staining and Flow Cytometry Analysis
In general, one million cells were stained with antibodies as indicated
In the experiment shown in Figure 3E , flowcytometry-sorted IL-4 ϩ / IFN␥ Ϫ and IL-4 Ϫ /IFN␥ Ϫ populations (purity Ͼ95%) of in vitro-cultured according to a standard method (Nakayama et al., 1990) . The antibodies used were as follows: anti-CD4-FITC and anti-CD8-FITC Th2 and Tc2 cells with cytoplasmic cytokine staining were used for the ChIP assay. were purchased from BD PharMingen (La Jolla, CA). For intracellular
